Abstract-Monte-Carlo radiation transport simulations are used to quantify energy deposition from -rays in sensitive volumes representative of future SRAM technologies. The results show that single and multiple -ray events are capable of depositing sufficient energy to cause SEUs in nonadjacent SRAM cells separated by many micrometers. These results indicate the necessity of considering the variability of the charge track structure when evaluating the single event response of these highly scaled technology nodes. These effects have important implications forradiation hardening techniques that rely upon spatial separation of critical and redundant nodes, and simulation of device and circuit level response to heavy ions with respect to ion track structure.
I. INTRODUCTION

I
N 1988, Stapor et al. [1] described how differences in the radial distribution of -rays produced by two ions with identical linear energy transfers (LETs) but different energies could result in different single-event upset (SEU) responses, calling into question the application of LET as a metric for evaluating single-event effect (SEE) response. In 1992, Xapsos [2] outlined a statistical model for the application of LET to microelectronics. This firmly established a metric for determining the validity of LET for technology nodes with well-established sensitive volume geometries. Dodd et al. [3] published measurements six years later showing the LET metric was sufficient to characterize CMOS technology nodes larger than 250 nm. The LET metric has proven robust for many newer technologies that have critical charges exceeding 10 fC, and it continues to serve as the basis for the majority of SEE analysis. For SEEs, the LET metric relates energy loss by an incident particle to energy deposition (or charge generation) within the sensitive volume of a semiconductor device; this charge contributes to the overall device response to a single event. LET, which is an approximation to the stopping power of a heavy ion, is inherently a description of average energy lost by the ion per unit path length. As pointed out by Xapsos in [2] , energy lost by the incident heavy ion may differ from energy deposited in the sensitive volume. Additionally, variation from the average energy deposition event may become more significant with smaller device geometries.
The application of LET to SEE analysis relies on the assumption that knowledge about the average energy deposition event is sufficient to predict the event response. In recent years, additional physical mechanisms have been required to explain SEU cross sections where LET alone has been insufficient [4] - [8] . A single ion that deposits energy in a sensitive volume may produce spatial and temporal charge distributions dramatically different than those produced by the average event [9] . This is true for both events involving nuclear reactions and, as we show in this paper, those that produce -rays. Delta-rays undergo multiple scattering events near their ends of range, potentially depositing a significant amount of energy in small volumes, for example the sensitive region of a device. As a consequence, it is important to determine if single -ray events can cause single-event effects. In this work, modeling is used to predict that these effects may occur in a 22 nm CMOS SRAM.
Long-range -rays are highly unlikely to produce circuit-level effects in older technologies because they do not have a sufficiently large ionization rate to generate enough charge within the sensitive volume to upset these types of circuits. Circuits produced in highly scaled technologies have critical charges that are less than 10 fC. For example, IBM recently reported that latches and SRAMs fabricated in a 65 nm SOI technology have critical charge values between 0.14 fC (or 875 electrons) and 0.24 fC (or 1500 electrons) [10] . Scaling has led to an overall reduction of critical charge and increased sensitivity of these types of circuits.
In this work, we use Monte Carlo radiation transport simulations to evaluate the impact of -rays on highly scaled silicon-on-insulator (SOI) technologies, using a 22 nm SOI SRAM [11] to estimate the geometry and critical charge. Results suggest that long-range -rays can deposit sufficient energy to cause single event upsets (SEUs) in multiple SRAM cells separated by many micrometers. We discuss the implications of -ray range on hardening techniques and device simulations.
II. REVIEW OF DELTA-RAY PHYSICS
As an ion passes through material, it undergoes Coulomb interactions with the electron gas, which is composed primarily of valence band electrons. The magnitude of interaction depends on the velocity of the incident ion relative to the Fermi velocity, [12] . As the incident ion velocity approaches the Fermi velocity, interactions between the ion and the electron gas of the material increase the stopping power, or rate of energy lost per unit path length. In classical theory, an incident particle's impact parameter, the normal distance between an electron and the ion track, and effective charge govern the amount of energy that the incident particle can impart to an electron. Many electrons may gain enough energy to exceed the binding energy of the lattice and be free to move throughout the crystal. If the electron energy is such that the band structure of the material has little or no impact on its motion, then these free electrons are referred to as -rays.
The result of the impact parameter is a distribution of initial energies for the generated -rays in any single ionizing event. A classical estimation of the maximum energy that can be transferred to a -ray via Coulomb interaction is given by the kinematic equation: (1) where is the mass of an electron, and and are the energy and mass of the incident ion [13] . Once freed from interaction with the band structure of the material, -rays begin to interact with the electron gas of the crystal structure through elastic and inelastic scattering events with valence band electrons. Elastic scattering events do not directly result in energy deposition capable of generating carriers in the sensitive volume of a device. Inelastic scattering dominates -ray interactions below energies of 100 keV [14] . Consequently, the primary consideration is the inelastic scattering events when analyzing energy deposition events for single-event effects. Inelastic scattering events between -rays and valence band electrons involve similar masses; as a consequence these events can deposit large amounts of energy in small volumes.
Lastly, it is important to understand the range of -rays within the target material, since the radial track structure of heavy ions becomes increasingly important for energy deposition events in small volumes devices. The average distance between inelastic scattering events for -rays of a given energy is called the inelastic mean free path (IMFP). The stopping power of -rays in materials can be used to estimate the average electron range in terms of a continuous energy loss to the surrounding material, which is known as the continuous slowing down approximation (CSDA) range [15] , [16] . The lateral range of a given electron can be estimated from an electron's CSDA range as well as the initial angle of its trajectory relative to the ion track. When -rays lose sufficient energy, the IMFP, which is a strong function of the -ray energy, decreases until the electron thermalizes back into the material band structure. Lateral range of -rays in silicon from a single ion at the peak differential energy GCR flux at GEO after [20] .
III. SIMULATION OF ION TRACK STRUCTURE
Simulations using Monte Carlo Radiative Energy Deposition (MRED) [17] , a radiation transport code, are used to investigate the impact of -rays on single-event upsets for a highly scaled 22 nm SOI technology. MRED allows detailed tracking of particle events and recording of energy deposition in volumes representing geometrically accurate device structures and materials. MRED is based on Geant4 [18] , but it includes several Fortran extensions not available in the open source c++ tool kit. Of particular relevance for this work is the state of the art electron transport code PENELOPE 2008 [14] . The use of PENE-LOPE 2008 extends the low-energy range for electromagnetic processes from 250 eV down to approximately 50 eV and also tracks electrons with greater spatial resolution. These refinements produce increased fidelity of energy deposition estimates in the sub-100-nm sensitive volumes of interest in this work. Fig. 1 shows the distribution of lateral range in silicon for -rays generated by a single-event from several incident particles. The energy of particles shown in Fig. 1 is consistent with the maximum differential flux of particles in the galactic cosmic ray environment at geosynchronous earth orbit (GEO) [19] . It indicates a large number of generated -rays are capable of traveling millimeters from their point of creation laterally from the ion track. As a consequence, -ray showers can interact with active device volumes in cells extremely long distances from the primary ion track (we will consider the implications for SRAMs in the next section). This is of particular importance when considering near grazing angle strikes. Additionally, this may affect hardening techniques that rely on spatial separation of critical or redundant nodes, such as voting circuitry in triple modular redundant circuit elements.
The radial extension of the particle track is a strong function of the kinematics between the incident particle and the electron; see the discussion of (1). As a result, the particle track radius is widest when the particle first enters the material, and then it slowly collapses as the particle loses energy. If plotted as a function of depth as in [1] , the radial track structure takes on a conical shape. In order to evaluate the extent that -rays may impact high-density memories, we must consider the radial extension of these long-range, high-energy -ray events due to radial track structure. In [20] , Fageeha describes the dose deposited as a function of radial distance , (2) where is the electron density, is elementary charge, is the electron mass, is the effective charge of the incident particle, is the speed of light in vacuum, is the relative velocity in the medium, and , , are as defined in [20] , [21] . It has been previously shown [21] that MRED accurately predicts the average radial dose distribution described by (2) very well. The dose predicted by (2) also indicates a distinct difference in the radial deposited dose from incident particles with differing kinematics. This is of particular importance when dealing with smaller, more sensitive device geometries. Fig. 2 shows a box plot of dose versus radial distance from the incident particle track for 28 GeV and 280 MeV Fe. The upper box represents one standard deviation from the mean. The upper whisker represents the maximum energy deposition event at a given radius. This type of plot provides statistical insight into the radial distance from an incident ion where the average and extreme dose exceed the dose required to upset a given technology node. Fig. 2 shows a dramatic difference in the deposited dose for equivalent radial distances for the highly ionizing 280 MeV Fe and less ionizing 28 GeV Fe. 280 MeV Fe deposits a larger dose than 28 GeV Fe in the volumes nearest the ion track, while further from the ion track structure m , 28 GeV Fe deposits significantly more dose due to the longer range of -rays generated in these events. In volumes further from the ion track, several hundred nanometers, many of the -rays generated by the 280 MeV particles are near their ends of range while -rays generated by the 28 GeV particles continue on and interact with the outer cylindrical shells of the target.
Additionally, the variation in the magnitude of energy deposition from -ray events varies the dose deposited by an order of magnitude, even at large radial distances. This further establishes that the area most impacted by 280 MeV Fe strikes is immediately around the ion track, and as such utilization of LET as a metric for modeling is often justified in this case. However, for the 28 GeV particles, the issue is more complicated due to the large radial extension of the ion track. The use of LET as a metric for modeling these types of high-energy events is not representative of the physical phenomena contributing to SEUs in devices with very small critical charges.
IV. ENERGY DEPOSITION IN HIGHLY SCALED SOI SRAMS
A. Simulation Approach
MRED and PENELOPE 2008 was used to study the impact of -rays on SEU response of highly scaled SOI SRAMs. A topdown view of the structure used for the simulation can be seen in Fig. 3 . The black coloring represents the nearest neighbor SRAM cell at a distance of m, red coloring represents an SRAM at a distance of m, and blue represents an SRAM at a distance of m. The green cubes represent the sensitive volumes of the individual SRAM cells. The structure has an area of mm mm and a thickness of m. Sensitive volumes representing SRAMs were placed at intervals of m along the x axis and m along the y axis from the irradiated cell. The back end of line (BEOL) material consists of , copper, and a layer of tungsten representing a via between metallization layers; the total BEOL thickness is approximately m and represents a six-level-metal process. The BEOL has alternating layers of high-density and low-density material, and produces charged particle equilibrium for single events.
In order to estimate the critical charge for the 22 nm technology node, we first estimate the gate capacitance. By extracting the area of the gate from [11] and utilizing the effective oxide thickness obtained from the ITRS roadmap for 22 nm devices, we estimate the gate capacitance. Using the static noise margin for the SRAM cell in [11] , the critical charge for the technology node is (3) This yields a critical charge value of 0.08 fC, or 500 electrons, which is equivalent to 1.8 keV of deposited energy, required to upset a cell in this technology node.
The beam was randomized over the area of the target cell and energy deposition was recorded in the array of SRAM sensitive volumes. The result of each simulation is a histogram representing the spectrum of simulated energy deposition events for each volume. The sensitive volumes were modeled as 50 nm cubes, which are consistent with small sensitive volume geometries representative of advanced SRAMs [10] , [11] , [22] . Filters were implemented that enable a lower bound for tracking of -rays with track lengths longer than 180 nm, which reduces the computational complexity of simulations while keeping the simulations relevant to the geometry of a modern SRAM array.
Charge collection mechanisms in isolated devices occur on a time scale much longer than energy deposition events in the simulated device structure described, so the transient response of the device is not modeled explicitly [21] . Instead, energy deposition within a single volume is used to indicate the occurrence of an upset event. Any event that results in energy deposition greater than 1.8 keV within a single sensitive volume, the estimated critical energy for the 22 nm technology in [11] , is considered to be an upset event. Thus, the probability of the occurrence of an upset event is the cumulative probability of depositing a certain energy or greater within the sensitive volume of a device. We compute the probability of -rays depositing a given amount of energy or greater in a sensitive volume using the following formula: (4) where is the number of events depositing a given energy, . In order to isolate the specific mechanisms and ranges of energy deposition resulting from -rays, contributions to deposited energy resulting from nuclear reactions are not included in the simulation results.
Several ions were considered, including 100 MeV protons, 1 GeV protons, 280 MeV Fe and 28 GeV Fe. Events were simulated at normal and 60 angles of incidence. Contributions to energy deposition from both single -ray and multiple -ray events are considered in these simulations. Fig. 4 shows the cumulative probability distribution of energy deposition in the simulated structure from 100 MeV protons at normal incidence. The color of line used to plot the probability indicates the spatial location of the sensitive volume relative to the target cell, as defined in Fig. 1 . 100 MeV protons are very lightly ionizing due to their low effective Z, with an LET of MeV cm mg. The -rays generated by 100 MeV protons have a maximum energy of 250 keV. Direct ionization from the proton itself is localized around its track, while the -rays produced are capable of traveling many micrometers. The majority of events result in energy deposition of several hundred eV, as seen in Fig. 4 . However, we observe scattering events occurring within the sensitive geometry of neighboring and nonadjacent devices that exceed the estimated critical energy threshold from [11] . These results indicate that -rays gen- Fig. 4 . Cumulative probability distribution for normally incident 100 MeV protons. The color scheme of the plot follows Fig. 3 . The distance between SRAM cells is denoted by a distance, r. Values on the x axis represent energy deposited by -rays in nearby volumes. erated by energetic, lightly ionizing particles, such as 100 MeV protons, are capable of depositing energy sufficient to generate 0.13 fC at a distance of m and 0.1 fC at a distance of m. Fig. 5 shows a comparison of the cumulative probability distributions for energy deposited in the simulated device structure due to 1 GeV and 100 MeV protons at normal incidence. The LET of 1 GeV protons is MeV cm mg in silicon; with such a low rate of ionization by the primary particle, the rate of -ray generation is reduced significantly compared to 100 MeV protons. As the rate of -ray generation decreases, the relative probability of depositing low amounts of energy, less than the critical energy threshold, decreases. However, the -rays generated by 1 GeV protons are, on average, much more energetic than those produced by 100 MeV protons. As a result of the higher average -ray energy, events produced by 1 GeV protons are more likely to deposit large amounts of energy than those produced by 100 MeV protons. In Fig. 5 , this is seen more clearly in the sensitive volume located m from the strike location. Since the IMFP scales with increasing energy [14] - [16] in these simulated events, many of the generated -rays have significantly longer range than the structure considered thus far. These longer-range events may impact devices at great distances, potentially hundreds of micrometers, from the location of the incident particle strike as indicated by Fig. 1 .
B. Simulation Results for Lightly Ionizing Particles
Since protons have a low LET, they do not produce a large concentration of -rays in a given single-particle event. This is consistent with the relatively low probabilities of single events with -ray energy deposition in excess of the energy threshold for the device geometry under consideration in Figs. 4 and 5. Inelastic scattering events dominate energy loss mechanisms in the range of -ray energies produced by these two particles [14] . Consequently, the majority of energy deposition events in the sensitive volumes of the nearby devices are produced by inelastic scattering processes for -rays below 100 keV, including those above the estimated critical energy threshold. These results indicate that very lightly ionizing particles, such as energetic protons, are capable of generating -rays that can disrupt the normal operation of adjacent and nonadjacent devices. More importantly, higher energy -rays are less likely to stop within the sensitive volume of nearby devices, but are more likely to interact with more distant devices. Fig. 6 shows the interaction of 280 MeV Fe with the simulated device structure from Fig. 3 . The solid white cylinder represents the inner core of the incident ion track of 280 MeV Fe. Each red cylindrical tube represents the track of a -ray interacting with the material structure as it undergoes energy loss to the lattice and its electrons. The minimum energy tracked for the generation of -rays was 250 eV, while the minimum energy for -ray interactions was 50 eV. As previously discussed, the range of electrons of these energies is on the order of a few nanometers. It is likely that if these low energy particles enter the sensitive region of a device, they lose all of the energy in the sensitive volume. In Fig. 6 , scattering events are clearly visible in many of the -ray tracks. The -ray tracks terminate when the energy is below the tracking threshold of 50 eV. The small green cubes represent a small sample of those used to monitor energy deposition in neighboring device structures. Similarly, Fig. 7 shows the interaction of 28 GeV Fe with the simulated device structure representing a 22 nm SRAM. The differences between high LET 280 MeV Fe and low LET 28 GeV Fe radial track structures are very clear. Fewer -rays are generated by single events involving 28 GeV Fe. Additionally, Figs. 6 and 7 show that the variation in track lengths for these -rays is much greater than that for 280 MeV Fe. This agrees with the results in Fig. 2 , where the ranges of -rays from 280 MeV Fe are dramatically less than those of 28 GeV Fe. The increase in high-energy events due to these energetic -rays makes the application of LET to single events particularly difficult because of the variation in track structure.
C. Simulation Results for Highly Ionizing Particles
While 280 MeV Fe is highly ionizing compared with the protons considered in the previous section ( MeV cm mg in silicon), due to kinematics, the maximum energy -ray produced is 10 keV. The CSDA range of a 10 keV electron is m in silicon [14] - [16] . As a result, there is a limitation to the radial extent of the ion track, consistent with Fig. 2 . As a result, -rays produced by the ion are restricted in the amount of influence they can exert upon adjacent and nonadjacent devices. Therefore, the ion LET represents the effects of the deposited charge on the circuit response fairly accurately. However, for extremely sensitive, small volume geometry circuits, -rays will be an important factor to consider when analyzing the SEU response. Fig. 8 plots the cumulative probability distribution for energy deposition in the three volumes indicated in Fig. 3 when the target area is irradiated with 280 MeV Fe ions. The probability of events in each volume decreases with increasing distance from the irradiated cell due to the constant energy loss electrons undergo. This is shown by the difference in probability at threshold for devices located m and m from the strike location. There is a continuum of energy deposition from approximately 300 eV to 7 keV for the volume nearest to the irradiated SRAM cell, indicating that fairly large energy deposition events occur in a very short spatial region around the ion track, which is consistent with Fig. 2 . Events in energy ranges greater than 10 keV are the result of multiple -rays scattering within the volume, resulting in more energy deposition than any single -ray could deposit. Events depositing up to 13.3 fC of charge were observed in the cell m from the irradiated cell, 4 fC in the cell at a distance of m, and 0.1 fC for the farthest cell, which is m from the irradiated cell. Charge generation from -rays of these magnitudes is sufficient to produce circuit-level effects in 45 and 65 nm device generations [10] , [22] . Differences in experimental SEU data collected from a 65 nm SOI SRAM [10] for alpha particles and protons that have identical LETs may be explained by the differences in the track structure between the two ions. This type of ion track structure effect is similar to that proposed by Stapor in [1] . Comparing the probability distributions in Figs. 4, 5 and 8, one concludes that there are dramatic implications on testing and SEU analysis methods for low critical charge circuits. The sensitivity of modern devices requires an awareness of the contribution to SEU probability and cross section from not only the incident particle, but also contributions from additional physical mechanisms, such as nuclear reactions and -rays. As a consequence, ground-based heavy ion experiments intended to provide insight into SEU upset cross sections must consider all of these factors during pre-test planning and post-test data analysis in order to estimate the SEU cross section accurately.
D. Radial Track Structure and Angle of Incidence
The SRAM simulations described above show probability distributions for incident particles, but only consider the effects of -rays in a very small region around the irradiated SRAM cell. The original device structure was enlarged to study the radial extension of the ion track and the role it plays in -ray events, sensitive volumes placed at larger radial distances from the irradiated, target, SRAM cell. The probability distribution for 28 GeV Fe normally incident on the enlarged device structure is shown in Fig. 9 . We denote the distance between SRAM cells by a distance, . Fig. 9 exhibits many of the features of Fig. 8 . However, there are higher energy events due to a combination of single, large energy, and multiple -ray events. Also, energy deposition events were observed at significantly larger radial distances from the irradiated SRAM cell. Several events in excess of the upset threshold energy were observed on the order of 18 to 20 micrometers from the strike location, which is a factor of ten larger than that observed for 280 MeV Fe. Several smaller events, on the order of 300 eV, were observed at radial distances of 55 micrometers. While these events were not sufficient to produce circuit-level effects for technologies with the critical charge estimated here, future scaling of devices may shift critical charge into this range.
Thus far we have only considered normally incident particles. However, half of the isotropic galactic cosmic ray environment is incident at angles greater than 60 [23] . If we consider the type of track structure shown in Fig. 2 , it becomes obvious that -ray events have a very strong dependence on the parent particle's angle of incidence. Fig. 10 shows the probability distribution for 28 GeV Fe incident at 60 through the sensitive volume. As the angle of incidence increases, the distance between the ion track and the sensitive volume of neighboring SRAM cells decreases, resulting in larger energy deposition for devices located at intermediate ranges between 5 to 10 micrometers. This is indicated by the relative shift to higher probabilities at the critical energy threshold for devices at these intermediate distances. There are also events at larger distances (on the order of 55 to m) than those shown in Fig. 9 , which had only a few counts. These events are below the critical charge estimate of the 22 nm SRAM considered here, but these types of energy deposition events may impact future technologies, which are likely to be more sensitive as critical charge continues to decrease.
V. CONCLUSIONS
The impact of -rays on highly scaled technologies, including a 22 nm SOI SRAM, is analyzed. Energy deposition from energetic -rays is sufficiently large to upset circuit nodes with low critical charges. Predictions indicate that single electrons can deposit enough energy in the sensitive volume to cause upset. Furthermore, cells far removed from the strike location, potentially tens to hundreds of micrometers, can be upset. Consequently, -rays will have an impact on the cross section for single and multiple-bit upsets in sensitive technology nodes. Using stopping power, or LET, to determine the response of a technology to a given single-event may not be adequate when considering the sensitivity of devices to such abundant secondary particles as -rays. These results indicate the need for thorough understanding of the operating environment for proper implementation of hardening techniques that rely upon spatial separation of critical or redundant nodes.
